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ABSTRACT 


This  Is  a  summary  report  of  a  two-year  effort  by  the  Eastman 
Kodak  Conpany  in  cooperation  with  the  Ohio  State  University  Research  Foundation 
to  obtain  and  present  astronomical  data  designed  to  show  the  nature  and  extent 
of  the  Infrared  space  background.  Baphasis  in  the  first  phase  of  the  contract 
was  placed  on  historical  and  theoretical  considerations  of  the  problem.  A 
suomary  table  of  the  computed  infrared  magnitudes  of  235  stars  in  three  infra¬ 
red  wavebands  is  presented,  based  on  the  assumption  that  stars  radiate  as 
blackbodies  over  their  entire  spectral  range. 

Ibe  second  phase  of  the  contract  was  designed  to  test  the 
foregoing  assumption  by  observing  and  measuring  in  the  Infrared  a  number  of 
selected  astronomical  sources.  To  this  end  two  infrared  photometer  systems 
were  designed  and  constructed  by  the  Eastman  Kodak  Company  and  employed  on 
the  Perkins  and  Mount  Wilson  Observatories'  telescopes.  The  results  of  the 
observations  made  with  these  photometers  over  the  period  from  October,  i960 
to  September,  1961,  are  presented. 
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I.  IMRODUCTIOH 


H»e  Kodak  Company  and  its  subcontractor ,  the  Ohio 

State  University  Research  Foundation,  have  been  given  the  assignment  to 
Investigate  and  characterise  the  space  background  problem  as  faced  by 
optical  space  defense  systems,  with  primary  emphasis  on  the  infrared 
spectral  region.  This  research  is  a  part  of  Project  Defender,  sponsored 
by  the  Advanced  Research  Projects  Agency,  and  directed  by  the  Army  Rocket 
and  Guided  Missile  Agency. 

Hie  importance  of  the  role  of  optical  sensors  in  the 
development  of  systems  for  space  defense,  surveillance,  attitude  control 
and  navigation  is  generally  recognised.  One  of  the  major  problems 
associated  with  the  development  of  these  systems  is  that  of  discrimination, 
due  to  the  great  number  of  optically  detectable  objects  in  a  typical  space 
background.  Detailed  information  on  the  space  background  in  the  infrared 
region  has  been  lacking  to  the  designer  of  optical  systems  for  space 
application,  and  the  research  pursued  under  this  contract  has  been  directed 
to  meet  this  urgent  requirement. 

Hie  first  phase  of  the  space  background  study  was  devoted 
to  an  intensive  literature  search,  and  to  the  development  of  a  theoretical 
model  of  the  infrared  stellar  background  (reference  l).  This  model  is  based 
on  computations  vhich  assume  that  the  stars  radiate  a6  blackbodles  over 


their  entire  range  of  spectral  ealttance*  A  simnmury  table  presenting  the 
theoretical  Infrared  magnitudes  of  235  light  stars  Is  Included  In  this 
report.  See  Appendix  IV. 

The  second  phase  of  tbs  study  has  been  designed  to  test  the 
foregoing  theoretical  assumptions  by  implementing  a  program  of  observation 
ml  measurement  of  stellar  Infrared  lrradiances.  The  instrumentation  of 
this  project  was  developed,  designed  and  constructed  by  the  Apparatus  and 
Optical  Division  of  the  Eastsmn  Kodak  Company  and  Is  described  In  detail  In 
references  2  and  3.  This  Instrumentation  Is  designed  for  use  with  existing 
large  telescopes  and  has  been  employed  on  the  69-inch  reflector  of  the  Perkins 
Observatory,  Delaware,  Ohio,  and  the  60  and  100-lnch  reflectors  of  the 
Mount  Vllson  Observatory,  Mount  Wilson,  California.  The  responsibility 
of  conducting  the  program  of  observation  and  measurement  has  rested 
prlMurlly  on  the  astonomera  of  the  Ohio  State  University  Research 
Foundation.  The  results  of  this  program  to  September,  1961,  with  emphasis 
on  data  recently  obtained  at  the  Mount  Vllson  Observatories,  Is  the  primary 
subject  of  this  report. 

Personnel  directly  concerned  with  this  research  at  the  Eastman 
Kodak  Company  are:  Dr.  William  H.  Haynle,  former  project  engineer  and  now 
consultant  to  the  project;  Charles  F.  Grans,  present  project  engineer; 

Anthony  J.G.  Prasll,  development  engineer.  For  the  Ohio  State  University 
Research  Foundation,  Dr.  Walter  E.  Mitchell  Jr.  is  the  supervising  astonomer 
with  Mr.  Philip  E.  Barnhart,  associate  astonomer. 


II.  TECHWICAL  SUW4ARY 


The  emphasis  in  this  etudy  has  been  placed  on  the  detection 
of  relatively  cool  (300*K)  purely  self -emitting  targets  against  typical  space 
backgrounds.  A  target  of  this  nature  has  most  of  the  emitted  energy  concentrated 
In  the  far  infrared,  the  intensity  maximum  falling  In  the  Infrared  near  a 
wavelength  of  10  microns. 

The  literature  survey  performed  in  the  initial  phases. -of  the 
study  revealed  a  surprising  lack  of  Infrared  astronomical  information.  To  the 
present  time  only  a  few  detectors  of  Infrared  radiation  such  as  the  thermocouple, 
lead  sulfide  and  Golay  cells  have  been  directed  to  astonomical  objects.  The 
brightness  of  approximately  70  stars  has  been  measured  in  the  lead  sulfide 
region  but,  beyond  a  wavelength  of  about  3  microns,  the  only  sources  studied 
optically  have  been  the  sun,  moon,  Mars  and  Venus. 

Lacking  Infrared  astronomical  data,  the  assumption  has  been 
made  that  the  stars  behave  as  classical  blackbody  emitters,  and  calculations 
have  been  made  of  the  color  indices  and  Infrared  magnitudes  of  235  of  the 
brighter  stars.  This  represents  an  extrapolation  into  the  far  Infrared 
employing  stellar  photosphere  temperatures  which  were  deduced  from  spectra 
of  visible  and  near  visible  wavelengths.  The  extrapolation  has  produced 
very  striking  results  in  that  the  total  number  of  interfering  stars  limited 
by  given  target  characteristics  is  only  on  the  order  of  several  hundred  when 
the  detecting  system  is  confined  to  the  Infrared  region  beyond  7*5  microns. 
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A  MiiurtMfit  program  designed  to  toot  the  results  of  the 
theoretical  stud/  las  been  underm/  since  October,  i960.  This  program  has 

M 

been  implemented  with  two  infrared  stellar  photometers  engineered  and 
constructed  by  the  Butman  Kodak  Company  for  use  on  the  Firkins  and  Mount 
Wilson  reflecting  telescopes.  Ihe  performance  of  these  equipments  has  proven, 
on  the  whole,  highly  gratifying  and  satisfactory  considering  the  advanced 
and  unexplored  nature  of  the  vork.  The  latest  photometer  system  is  capable 
of  detecting  Infrared  lrrad lance  at  the  aperture  of  the  69-inch  Perkins 
reflecting  telescope  on  the  order  of  10  vatts/c 

During  the  observing  period,  to  September  1961,  many  hundreds 
of  measurements  have  been  made  in  the  Infrared  of  some  77  selected  stars. 

Ibe  telescopes  employed  during  this  period  ranged  from  the  Perkins  Observatory 
69-inch  reflector  to  the  60  and  100-inch  reflectors  of  the  Mount  Wilson 
Observatories. 

An  analysis  of  the  data  obtained  to  date  indicates  that 
certain  types  of  stars  such  as  the  supergiants  and  the  latest  spectral 
classes  possess  an  excess  of  infrared  emission  in  the  wavelength  bands 
observed.  On  the  basis  of  the  superglnnts  alone  more  than  5  times  the 
number  of  stars  of  this  type  would  be  detectable  than  that  predicted  from 
blackbody  extrapolations.  Fortunutely,  there  are  relatively  few  of  these 
stars  in  a  given  volume  of  space.  Cool  giant  stars  present  a  more  serious 
problem  because  of  their  excess  Infrared  emission  and  considerably  greater 
population.  Much  more  study  of  a  fundamental  nature  is  indicated  in  this  area 
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because  there  Is  reason  to  believe*  for  example*  that  corrections  to  the 
aammfl  temperature  scale  for  these  cool  stars  may  be  Justified* 

A  number  of  abnormal  objects  have  been  observed  such  as 
t  Aurlgae,  x  Aquarll*and  T  Corona  BoreaUs.  Data  obtained  froa  infrared 
photoaetry  of  these  anoaolous  objects  have  proven  both  useful  and  Interest¬ 
ing  to  the  astrophysicists  and  continuing  study  is  in  order.  There  Is  a 
real  possibility  that  the  first  ” truly  infrared"  star  has  been  observed  in 
the  case  of  the  t  Aurlgae  companion. 

A  theoretical  study  of  the  infrared  characteristics  of 
contracting  protostars  and  dark  globules  of  interstellar  natter  is 
presented  in  Appendix  III  of  this  report.  It  is  concluded  therein  that  it 
my  Just  be  possible  to  detect  protostars  of  the  individual  type  in  nearby 
young  clusters  using  a  telescope  of  large  aperture.  This  assmes  a  system 
detectivity  of  10-1^  vatts/cm2,  a  conservative  value  in  relation  to  the 
measured  performance  of  the  photometric  equipments. 


III.  TECHNICAL  APPROACH 


The  initial  phase  of  the  space  background  study,  devoted  to 
the  collection  and  presentation  of  existing  infrared  astronomical  data, 
revealed  that  little  information  vas  available.  Lacking  observational  data, 
attention  vas  turned  to  on  investigation  of  astronomical  magnitude  systems 
in  order  to  devise  an  appropriate  system  for  the  intermediate  end  far  infra¬ 
red.  Because  atmospheric  effects  limit  ground  based  observations  in  the 
infrared  to  so-called  atmospheric  "windows",  infrared  magnitudes  vere  com¬ 
puted  for  selected  known  stars  with  wavelength  limits  of  2.0  to  2.b  microns 
(X-band),  3.2  to  h.2  microns  (Y-band),  and  7-5  to  13- 5  microns  (Z-band). 

The  method  of  attack  has  been  to  assume  that  stars  radiate 
as  blackbodies  over  their  entire  range  of  spectral  emission.  This 
assumption  leads  to  the  prediction  of  a  "color  index"  for  every  star 
whose  temperature  is  known.  This  color  index  is  a  measure  of  the  difference 
In  irradiance  in  two  wavelength  bands  within  the  stellar  spectrum  If  one 
of  these  bands  is  in  the  visible,  for  which  data  is  available  on  a  great 
number  of  stars,  it  is  then  possible  to  establish  each  star  on  a  magnitude 
scale  for  the  infrared  wavelength  band  in  question.  Knowing  the  limiting 
magnitude  observable  with  a  given  infrared  sensor,  it  then  becomes  possible 
to  predict  the  number  of  stars  of  a  given  spectral  type  (temperature) 
which  will  constitute  the  space  background  interference.  It  is  also  possible 


to  predict  where  these  interfering  stare  will  be  in  the  sky,  providing  stars 
are  restricted  to  those  whose  temperatures  do  not  fall  below  known  spectral 
classifications.  A  detailed  discussion  of  magnitude  systems,  color  indices, 
and  spectral  classifications  may  be  found  in  reference  2. 

A  sunaary  list  of  235  stars  calculated  to  have  the  brightest 
predicted  infrared  magnitudes  has  been  reproduced  in  this  report  and  is  being 
used  presently  as  an  observing  list  to  test  the  assumption  that  the  stars 
emit  as  blackbodies. 

The  second  phase  of  the  space  background  study,  a  program 
of  infrared  stellar  photometry,  was  carried  out  under  an  extension  of  the 
original  contract.  Engineers  of  the  Eastman  Kodak  Company  have  designed 
and  constructed  two  infrared  photometers,  using  the  best  available  cooled 
photo-conductive  detectors  and  electronic  techniques,  for  use  with  large 
astronomical  telescopes.  They  are  small  field  Instruments  designed  to 
measure  the  irradiance  of  individual  stellar  objects  in  three  spectral 
wavebands:  2.0  to  2.1*  microns,  3«2  to  4.2  microns  and  7*5  to  13«5  microns. 
These  wavebands  have  been  isolated  by  the  use  of  sharp  spectral  cut,  multi¬ 
layer  interference  filters.  The  early  experimental  photometer  was  installed 
on  the  69-inch  reflector  of  the  Perkins  Observatory  during  the  fall  of  i960. 
Experience  gained  In  the  operation  of  this  instrument  proved  invaluable  in  the 
design  of  a  more  elaborate  instrument  completed  for  use  at  Mount  Wilson  over 
two  observing  periods  in  the  summer  of  1961. 


The  results  of  the  recent  measurements  Bade  at  Mount  Wilson 
are  detailed  in  this  report  and  Include  a  coaparison  of  the  observed  color 
indices  of  the  stars  selected  for  observation  with  the  predicted  color  index 
as  a  function  of  stellar  surface  temperature.  A  brief  discussion  of  possible 
sources  at  temperatures  below  the  presently  calibrated  stellar  teoperatures 
Is  Included  under  a  discussion  of  the  results. 

There  is  reason  to  believe  thot  there  arc  stars  which  depart 
strongly  froo  blackbody  emission.  Among  these  are  the  long  period  variable 
stars  which  show  very  strong  molecular  blanketing  and  variable  opacity  in 
the  visible  region  of  the  spectrum.  Also  evidence  is  available  that  some 
bodies  in  the  universe  have  temperatures  so  low  as  to  eliminate  them  from 
the  normal  classification  of  temperature  because  of  their  extremely  low 
photographic  brightnesses.  Typical  of  this  kind  of  object  is  the  supposed 
infrared  companion  of  €  Aurigae. 

The  possible  existence  of  normal  stars  at  very  early  stages  in 
their  evolution  may  provide  a  component  to  the  space  background  hitherto 
unobserved  in  the  infrared  A  number  of  known  peculiar  objects  have  been 
included  on  the  observing  program  to  try  to  assess  other  possible  additions 
to  the  background  problem. 

The  data  obtained  in  the  summer  program  at  Mount  Wilson  is 
presented  as  well  as  some  possible  interpretations  and  recommendations  based 
upon  the  experiences  obtained  in  gathering  these  data. 
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A  theoretical  study  has  been  aade  of  the  Infrared  characteristics 
of  protostars  and  dark  globules,  Including  an  evaluation  of  the  possibility  of 
observing  objects  of  this  nature  with  present  day  Infrared  sensors.  This 
study  is  presented  In  Appendix  111. 


IV,  INSTRUMEirrATIOJ! 


In  Baking  the  first  eeasureaents  with  the  69*lnch  telescope  at 
the  Perkins  Observatory,  an  experiaental  infrared  photoaeter  vas  used  which 
was  designed,  developed,  and  constructed  by  the  Eastsan  Kodak  Coapany,  Apparatus 
ar.d  Optical  Division.  After  the  initial  series  of  stellar  wasureaents  was 
obtained,  the  instruaent  was  modified,  and  a  substantial  Increase  in  sensitivity 
was  realized,  A  description  of  the  experiaental  photoaeter  and  the  subsequent 
revision  nay  be  found  in  references  1  and  2,  respectively.  The  experience 
gained  in  operating  the  revised  photoaeter  indicated  the  direction  to  be 
taken  in  evolving  a  oore  sophisticated  system,  capable  of  greater  sensitivity 
ar.d  precision. 

The  improved  photoaeter  sys ten. also  designed  and  constructed 
by  the  Eastman  Kodak  Company,  was  put  into  use  at  the  Mount  Wilson  Observatory  in 
July,  l$H3l.  It  basically  resembles  the  experimental  photometer  but  embodies 
those  features  which  experience  ana  analysis  of  system  parameters  indicated 
would  be  desirable.  The  considerations  lending  to  the  design  of  this  improved 
photometer  are  discussed  at  length  in  reference  2.  They  include  the  effect 
of  atmospherics  on  the  infrared  stellar  image,  the  selection  of  photoconcluctive 
detectors,  and  methods  of  obtaining  background- limited  detector  operation. 

A  complete  description  of  the  detailed  design  may  be  found  in  reference  3. 
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A.  OPTICAL  SYSTEM 


The  arrangement  of  the  photometer  head  la  ahown  In  Figure  1. 

Stellar  radiation  entera  from  the  tele  a  cope  tailpiece  (l)  or  from  the  aide 
at  (1A)  and  la  reflected  alternately  by  the  chopping  mirror  (6)  and  the 
stationary  mirror  (5)  known  as  the  "background  mirror",  to  the  visible- 
infrared  dichrolc  (8)  (see  also  Figure  2).  The  visible  light  is  transmitted 
through  the  dichroic  to  a  diagonal  airror  and  then  to  the  tracking  eyepiece, 

Figure  1  (9)  for  visual  observation  and  guidance  purposes.  The  infrared 
radiation  is  reflected  from  the  dichroic  to  an  off-axis  ellipsoid  (10) 
which  relmages  the  stellar  inage  onto  nitrogen-cooled  pluabide  and  helium- 
cooled  Cu:Ge  photoconduct ive  detectors  after  splitting  into  the  proper  wave¬ 
length  bonds  at  the  IIIR-FIR  dichroic  (ll).  The  radiation,  before  reaching 
the  cooled  plunbide  detector,  passes  through  multi-layer  interference  filters 
which  define  the  "X"  and  "Y"  spectral  regions.  The  effective  "X"  channel 
spectral  response  is  from  2.0  to  2.4  microns  as  illustrated  in  Figure  3, while 
the  "Y"  channel  is  effective  from  3.2  to  4.5  microns  as  shown  in  Figure  4. 

The  word  "effective"  is  used  because  the  curves  in  the  figures  are  the  products 
of  filter  transmittance  and  normalized  detector  spectral  response.  Alternatively, 
the  reference  blackbody  can  be  imaged  on  the  detectors  via  the  some  optical  train 

by  interposing  a  diagonal  mirror,  Figure  1  (4). 

The  method  devised  to  effect  a  modulation  of  the  stellar  radiation 

is  characterized  by  a  very  high  degree  of  background  discrimination.  By 
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Figur*  1.  INFRARED  STELLAR  PHOTOMETER 


2.  SPECTRAL  CHARA 


Fiour*  4.  SPECTRAL 


reflecting  the  radiation  alternatively  from  the  routing  chopper  mirror  and 
the  stationary  mirror,  the  detectors  look  alternately  at  the  aUr  with  sur¬ 
rounding  sky  background,  or  only  the  sky  background  adjacent  to  the  star. 

This  produces  a  periodic  interruption  of  the  stellar  radiation  while  radiation 
from  the  background  remains  essentially  unmodulated. 

B.  nJCTBfflflC  SYSTEM 

The  electronic  system  makes  use  of  an  ac  signal  preamplifier 
and  amplifier,  a  synchronous  demodulator,  a  reference  signal  generator,  an 
integrator  with  timer,  and  a  recorder.  This  combination  of  chopper  modulator 
and  synchronous  demodulator  is  sometimes  called  a  homodyne  amplifier.  This 
system  has  the  advantage  that  the  electromechanical  chopper  demodulator  does 
not  produce  a  steady-sUte  dc  component  when  noise  only  is  present,  as  would  a 
diode  demodulator.  This  allows  signal  integration  to  be  performed  to  bring 
weak  signals  up  out  of  the  noise.  Integration  times  of  10  to  15  minutes  may 
be  required  for  very  weak  signals.  Automatically  timed  integration  periods  of 
one  and  five  minutes  are  provided.  Manual  operation  is  provided  to  obtain 
other  integration  times. 

A  schematic  of  the  preamplifier  is  presented  in  Figure  5-  It 
is  of  plug-in  module  form  and  is  located,  for  minimum  noise,  in  the  photometer 
optical  head  along  with  the  polarizing  battery  and  detector  ballast  resistor 
and  switching  circuit.  The  signal  amplifier,  following  the  preamplifier,  is 
shown  in  Figure  6  with  the  reference  generator. 
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Figur*  5.  PREAMPLIFIER  SCHEMATIC 
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Figure  7.  INTEGRATOR  AND  TIMER  SCHEMATIC 


Integration  Is  performed  by  Fhilbrick  plug-ln  modules.  The 
circuitry  used  in  conjunction  with  these  1#  given  in  Figure  7 
C.  PgWOgjANCg 

The  second  photometer  system  provides  a  considerable  improveoent 
in  detectivity  over  the  previous  experimental  photometer  os  well  os  in  extended 
spectral  response  to  longer  wavelengths.  The  experimental  photometer  hod  o 
mlnlBua  electronic  bandwidth  of  0.2  cycles/sec  end,  for  the  69-inch  Perkin* 
reflector,*  theoretical  MEPD  of  10'i?  watts/ cm2  for  infrared  wavelengths  to 
It  Bicrons.  The  observed  stellar  signals  were  as  saoll  os  5  *  10  vatts/ca  . 
The  new  photoaeter,  with  the  69- inch  Perkins  reflector,  has  a  theoretical 
flEPD  approaching  7  x  10_jl9  watts/cn2  in  the  3  to  h  micron  band  or  an  improve¬ 
ment  factor  in  detectivity  of  about  fourteen.  This  presumes  the  use  of  a 
twenty  minute  integration  interval  and  effective  bandwidth  of  about  0.001 
cycle/aec.  The  stellar  ir radiances  measured  with  this  photometer  at  Mount 
Wilson  do  not  represent  the  observational  threshold  of  the  equipment. 

A  view  of  the  photometer  system  set  up  in  its  operating  position 
on  the  60-inch  telescope  is  shown  in  Figure  8.  The  instrument  as  it  was 
subsequently  set  up  for  use  in  conjunction  with  the  100-inch  Hooker  reflector 

at  Mount  Wilson  is  shown  in  Figures  9  and  10. 

As  can  be  inferred  from  the  photographs,  operation  with  the 
60-inch  telescope  was  very  convenient,  since  the  observer  could  stand  on 
the  floor  while  looking  through  the  guiding  eyepiece.  When  working  in 
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60  -  INCH  REFLECTOR 


Figure  9.  OVERALL  VIEW  OF  THE  INFRARED  STELLAR  PHOTOMETER 
SYSTEM  ON  THE  MOUNT  WILSON  100  -  INCH  REFLECTOR 
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Figure  10.  OBSERVER  AT  THE  VISUAL  TRACKING  EYEPIECE  OF  THE 
INFRARED  STELLAR  PHOTOMETER  ON  THE  MOUNT  WILSON 
100  -  INCH  REFLECTOR 
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conjunction  with  the  KXMnch  telescope,  however,  the  observer  is  located 
on  a  small  platform  some  10  feet  above  the  floor.  A*  a  result, loading  of 
the  liquid  hellua *cooled  devar  Is  rather  difficult  for  It  requires  tvo  people 
to  remove  and  replace  It,  If  It  is  to  be  remotely  filled.  As  on  alternative, 
filling  the  devar  while  mounted  in  the  instrument  not  only  requires  the 
services  of  two  people  but  also  requires  storage  devars  of  liquid  nitrogen 
and  hellua,  a  gaseous  helium  supply,  and  a  transfer  tube. 
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V.  THE  OBSEHVHP  PROGRAM 


The  observing  program  vu  begun  In  the  noser  of  I960,  toon 
after  the  completion  of  the  calculations  of  the  theoretical  color  indices 
for  the  infrared  bands.  An  experimental  photometer  vas  designed  and  built 
by  the  Butman  Kodak  Company  for  the  purpose  of  making  infrared  measure¬ 
ments  and  determining  the  feasibility  of  a  more  sophisticated  instrument. 

In  the  course  of  use  of  the  experimental  instrument  numerous  problems  of 
technique  were  solved  and  seme  deficiencies  of  design  overcome. 

Observations  were  obtained  on  eleven  nights  between  July  9, 
i960  and  December  12,  i960,  using  the  experimental  photometer  on  the  69-inch 

i 

telescope  at  the  Perkins  Observatory.  The  majority  of  these  observations 
were  nmde  in  the  2.0  to  2.4  micron  region.  The  early  detectors  were  not 
sensitive  enough  in  the  3  to  4  micron  band  to  produce  usable  signals.  The 
now  familiar  problems  of  sine-wave  Interference  arising  from  objects  adjacent 
to  or  included  in  the  cone  of  view  of  the  detector  were  encountered  in  the 
Y-band  to  such  an  extent  that  the  telescope  and  photometer  were  themselves 
producing  signals  far  in  excess  of  what  we  were  trying  to  observe  from  the 
stars.  As  these  problems  were  corrected  more  and  more  effort  was  devoted 
to  the  longer  of  the  two  wavelength  bands  toward  the  end  of  the  i960  observing 
season. 
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Fro*  the  nlddle  of  December  i960  to  the  Middle  of  March  1961 
the  veather  vaa  uniformly  poor  and  no  opportunity  to  obtain  further  data  with 
the  experimental  photometer  presented  Itself  Unfortunately  when  the  veather 
did  begin  to  clear  toward  the  end  of  March  the  dismantling  of  the  69-inch 
telescope  In  preparation  for  Its  relocation  In  Flagstaff,  Arizona,  had  al¬ 
ready  begun  and  it  was  not  possible  to  use  the  instrunent  for  measurements, 

The  period  during  which  the  69*inch  telescope  was  shut  down 
sarked  the  time  when  work  was  started  on  the  design  for  a  new,  two-channel, 
stellar  Infrared  photometer  by  the  engineers  at  Eastman  Kodak  Coo  pony.  This 
instrunent  vas  completed  In  July  1961  and  delivered  Just  after  the  start  of 
the  observing  period  on  Mount  Wilson.  When  it  become  apparent  there  would 
be  no  telescope  time  available  at  the  Perkins  Observatory  before  the  termi¬ 
nation  of  the  contract  period,  an  observing  period  at  Mount  Wilson  vas 
generously  arranged  by  the  director  of  the  Mount  Wilson  and  Palomar  Observatories. 

The  60-inch  run  provided  an  opportunity  to  get  the  new  photo¬ 
meter  operating  and  give  the  observers  experience  before  going  to  the  100-inch 
telescope. 

During  the  observing  period  on  Mount  Wilson,  observations  were 
made  on  52  stars  in  both  shorter  wavelength  bands.  There  had  been  33  stars 
observed  at  the  Perkins  Observatory  in  the  last  six  months  of  i960,  some  of 
which  were  re-observed  at  the  Mount  Wilson  Observatory.  Of  the  33  stars  ob¬ 
served  in  Ohio,  l4  were  observed  in  both  the  X-  and  Y-bands  and  of  these  only 
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8  vero  observed,  also  In  both  bands,  at  Mount  Wilson.  Thus  the  Mount  Wilson 
trip  Increased  by  M*  the  nuaber  of  stars  observed  In  both  wavelength  bands. 

Since  the  procedures  Involved  In  the  observing  and  reduction 
of  the  data  obtained  at  both  locations  are  the  saae,  a  separate  discussion 
of  the  two  sets  of  data  will  not  be  included  In  this  report.  A  complete 
discussion  of  the  i960  observations  is  Included  In  Reference  2  and  the  only 
reference  to  these  data  will  be  In  connection  with  a  conparlson  of  the  data 
obtained  at  Mount  Wilson.  A  ousssary  table  of  the  stellar  Deoou resents  sadc 
at  the  Fbrkins  Observatory  has  been  reproduced  In  Appendix  V. 

A.  GATHERING  OF  DATA  AKD  OBSERVING  C0WD1T10BS  0?«  MOUWT  WHSOH 

The  Ohio  State  -  Enotson  Kodak  observing  teas  was  assigned 
8  nights  in  July  on  the  60-inch  reflector  for  the  purpose  of  testing  equip- 
nent  and  Baking  whatever  observations  Bight  be  possible.  As  the  new  photo- 
neter  had  not  arrived  at  the  mountain  at  the  start  of  the  run  (July  lB)  the 
experimental  photometer  was  attached  to  the  telescope  and  observations  were 
begun  with  this  instrument.  Considerable  alignment  difficulty  was  encountered 
on  the  telescope  and  during  the  first  night  on  the  telescope  much  time  was 
spent  in  achieving  optical  alignment  satisfactory  for  observing.  The  follow¬ 
ing  afternoon  was  used  to  obtain  a  careful  internal  alignment  of  the  instrument. 
Soon  after  the  photometer  was  replaced  on  the  telescope  it  was  necessary  to 
shut  down  operations  due  to  high  winds.  When  the  wind  in  the  mountains  of 
southern  California  exceeds  about  25  knots  considerable  quantities  of  dust 
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and  ash  resulting  fro*  forest  fires  is  carried  aloft  and  scattered  about  the 
countryside.  If  the  dust  content  of  the  air  becomes  too  large  it  is  desirable 
to  close  down  the  telescopes  to  protect  the  optical  surfaces.  The  observations 
were  cut  short  the  second  night  and  as  the  wind  remained  high  throughout  the 
following  day  it  was  decided  not  to  open  the  done  at  all  the  third  night. 

Just  before  the  time  to  begin  work  on  the  third  night  the  new 
photaseter  arrived  on  the  mountain.  The  night  was  spent  in  unpacking  and 
assembling  the  new  equipment  ■  on  the  telescope.  The  experimental  photometer 
was  put  aside  as  a  standby  instrument  throughout  the  rest  of  the  Mount  Vlloon 
observing  period. 

During  the  final  assembly  of  the  new  photometer  at  the 
telescope,  an  unfortunate  accident  occurred.  The  visual-infrared  dlchrolc 
beamsplitter  was  mounted  in  reverse  in  the  bracket  provided  for  it  and  the 
result  was  a  loss  of  nearly  4  magnitudes  in  the  Y-band  due  to  the  absorption 
in  the  glass  of  wavelengths  longer  than  about  2.7  microns.  As  the  glass  is 
nearly  transparent  to  the  wavelengths  shorter  than  2.7  microns,  the  obser¬ 
vations  in  the  X-band  came  through  with  the  anticipated  strength.  This 
occurrence  resulted  in  a  considerable  loss  of  telescope  time  with  the  result 
that  the  observing  period  was  in  the  nature  of  a  practice  run.  It  was  not 


until  the  photoocter  van  bench-teotcd  between  the  60-inch  and  100-inch  runs 

that  the  reversal  of  the  dlchrolc  was  discovered. 

The  weather  in  southern  California  is  usually  well  suited  for 
astronomical  observations,  and  the  month  of  August  is  usually  among  the  best 
months  in  that  part  of  the  United  States.  It  was  felt,  therefore,  that  wl  sn 
the  project  was  assigned  10  nights  on  the  100-inch  telescope  virtually  all  of 
these  nights  would  prove  useful.  As  a  matter  of  fact  the  official  record 
book  kept  for  the  100-inch  telescope  shows  that  during  the  past  20  years  only 
one  month  of  August  has  had  more  than  5  nights  in  the  entire  month  which  could 
not  be  used  for  observation  because  of  cloudy  weather.  Up  to  the  time  that 
the  Ohio  State  University  -  Eastman  Kodak  run  come  to  an  end  on  August  23 
there  had  been  8  nights  closed  out  by  the  weather  and  5  of  these  had  come 
during  the  10  nights  scheduled  to  the  project.  Despite  the  curtailed  observing 
time,  many  observations  were  obtained  on  the  good  nights. 

In  addition  to  the  many  nighttime  hours  spent  by  the  members 
of  the  observing  team  during  the  telescope  runs,  much  time  was  devoted  during 
the  afternoons  to  trying  to  place  the  liquid  helium  devar  in  operating  con¬ 
dition  for  the  attempts  at  observing  in  the  8  to  l1*  micron  region.  The  main 
difficulty  was  obtaining  and  holding  an  adequate  vacuum  in  the  outer  Jacket 
of  the  devar.  It  was  not  until  the  ninth  night  of  the  100-inch  run  that  the 
first  successful  transfer  of  helium  was  made.  Dr.  A.  Hildebrand  of  the  Jet 
Propulsion  Laboratory  very  generously  provided  a  transfer  tube  of  his  own 
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construction  and  the  initial  transfer  vss  carried  out  under  his  personal 

direction.  The  loaded  dewar  vas  placed  on  the  telescope  on  two  nights, 
both  of  which  vere  inlcraittently  cloudy,  and  no  positive  results  vere  obtained. 
There  vas  considerable  difficulty  in  attaining  sufficient  alignment  of  the 
longwave  detector  along  with  the  shortwave  detector  in  order  to  use  the  instru- 
aent  in  the  way  in  which  it  was  intended,  namely,  that  the  shortwave  detector 
signal  be  used  for  guiding  by  the  observer  while  the  signal  from  the  longwave 
detector  is  being  integrated. 

There  was  a  hopeful  sign  noted  in  connection  with  the  operation 
of  the  heliua  dewar.  The  supply  of  heliua  in  the  dewar  froo  a  single  filling 
lasted  for  a  total  of  about  20  hours  without  being  topped  off  during  the 
interim.  The  nitrogen  Jacket  was  filled  twice  during  the  period.  This  seems 
to  indicate  the  feasibility  or  filling  the  1. 2-liter  dewar  at  a  cryostat  and 
transporting  it  to  the  telescope  rather  than  attempting  to  transport  and 
store  a  10-  or  15-liter  supply  of  heliua  near  the  telescope. 

B.  ANALYSIS  OF  THE  DATA 

In  the  Mount  Wilson  program  it  was  decided  to  obtain  as  many 
observations  of  different  stars  as  possible.  It  was  felt  that  this  would 
provide  a  more  complete  survey  (though  still  provisional  from  the  point  of 
view  of  precision)  of  the  nature  of  these  objects  in  the  infrared. 
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A  brief  description  of  the  techniques  of  data  reduction  used 
on  this  program  is  given  In  Appendix  I.  The  results  of  the  reduction  are 

listed  in  Table  I*  and  a  catalogue  of  the  observed  magnitudes  and  color 
indices  for  the  program  stars  Is  given  in  Table  II.4  A  comparison  of  the 
results  obtained  at  Mount  Ullson  with  those  obtained  at  Perkins  Observatory 
for  the  stars  observed  at  both  locations  In  both  the  X-  and  Y-bonds  is  given 
in  Table  III.4 
C.  ATMOSPHERIC  EXTINCTION 

The  earth's  atmosphere  absorbs  radiation  to  a  greater  or  lesser 
extent  over  the  entire  wavelength  range  of  the  electromagnetic  spectrum.  In 
the  visible  region  of  the  spectrum  this  absorption  and  scattering  may  amount 
to  a  few  tenths  of  a  stellar  magnitude  at  the  zenith  and  much  more  at  directions 
far  from  the  zenith  where  the  light  must  traverse  a  long  path  throughout  the 
atmosphere.  The  exact  amount  of  obscuration  in  a  given  wavelength  band  depends 
upon  the  amount  and  relative  effectiveness  of  the  atmospheric  components  con¬ 
tributing  to  the  absorption.  In  the  course  of  astronomical  photometry  the 
extinction  measurements  ordinarily  are  taken  systematically  along  with  the 
observations  of  the  stars  in  question. 

The  minimization  of  extinction  effects  in  the  Mount  Wilson 
program  suggested  that  the  observations  of  each  star  be  made  near  to  the 
meridian;  insuring  that  the  star  be  as  near  the  zenith  as  possible  and  its 
light  thereby  subject  to  a  minimum  of  atmospheric  absorption.  In  practice 
some  of  the  program  stars  could  not  be  observed  on  or  very  near  to  the 


*  Tables  I,  II  and  III  follow  page  4l. 
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meridian.  Some  of  the*  were  located  »o  far  south  that  even  though  they  were 
observed  on  the  ae rid lan  they  were  at  very  large  zenith  distances.  Definitive 
corrections  for  atmospheric  extinction  are  not  applied  to  the  data  in  this 
report. 

However,  from  Reference  3*  page  54,  and  Reference  8,  page  1304, 
one  can  estimate  the  size  of  the  magnitude  corrections  to  zenith  (i.e.,  to 
unit  air  mass)  resulting  (prismrily)  from  continuous  atmospheric  absorption 
by  water  vapor;  -0?3(sec  z-1),  where  z  is  the  zenith  distance*  This  cor¬ 
rection  is  negligible  (i.e.,  less  than  0?l)  for  all  but  6  observations  (stars 
Nos.  22,  136,  11|8,  224,  229)  and  exceeds  -0*14  for  only  one  observation  (star 
No.  155).  Correction  of  the  measured  x  and  y  magnitudes  to  zero  air  mass  is 
implicit  in  the  adoption  of  m  »  m  and  m  »  my  for  a  star  at  a  temperature 
of  11000*. 

One  attempt  was  made  to  determine  the  extinction  character¬ 
istics  of  one  night,  but  the  results  were  complicated  by  another  quite  un¬ 
foreseen  occurrence.  The  detectors  which  were  used  demonstrated  a  rather 
large  fluctuation  in  sensitivity  with  time.  In  spite  of  the  fact  that  the 
data  intended  for  use  as  extinction  measures  were  lost,  due  to  the  unstable 
sensitivity,  there  is  some  indirect  indication  that  there  may  be  serious  ex¬ 
tinction  effects  in  the  infrared.  Some  of  the  bright  infrared  objects  which 
were  observed  at  consistently  large  zenith  distances  displayed  the  greatest 
dispersion  in  measured  values.  These  objects,  because  of  their  greater 


brightness,  should  be  observed  with  the  greater  precision*  An  account  for 
this  discrepancy  may  be  given  on  the  assumption  that  these  stars  are  indeed 
the  ones  most  readily  affected  by  the  variations  in  atmospheric  extinction 
from  night  to  night.  TO  test  this  assumption  is  the  first  task  assigned 
to  the  observing  program  when  the  stellar  infrared  photometer  is  again  in¬ 
stalled  on  a  telescope. 

D.  DAYTIME  OBSERVING 

On  August  21,  1961,  observations  were  made  on  a.  Tnu  continuing 
into  the  dawn,  as  planned  in  the  observing  schedule  outlined  in  Reference  3, 
page  55.  The  telescope  was  lined  up  on  the  star  before  dawn  and  X  and  Y 
channel  readings  were  taken,  ct  Tau,  which  is  number  37  on  our  list,  has 
a  visual  magnitude  of  1.1,  m  ■  2*5,  sod  m  ■  2.8.  Readings  were  continued 

A  Jr 

as  the  sky  brightened  and  until  it  and  the  other  first  magnitude  stars  were 
no  longer  visible.  The  deflections  obtained  were  constant  over  the  entire 
observing  period.  More  work  is  required  in  this  direction  to  determine  the 
daytime  limit  of  the  photometer.  Only  one  star  can  be  observed  into  each 
dawn  as  it  is  probably  impossible,  with  the  small  field  of  view  of  the  photo¬ 
meter,  to  find  a  star  when  it  is  not  visible  in  the  sighting  telescope  eyepiece. 

E.  DISCUSSION  OF  THE  RESULTS 

The  observed  apparent  magnitudes  in  the  X-  and  Y -bands  of  all 
the  stars  measured  at  Mount  Wilson  are  included  in  Table  I.  The  table  con¬ 
sists  of  the  following  information:  the  star  designation,  including  the  IR 
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25  a  ret 

-1.6 

-2.7:: 

-1.6 

-1.6: : 

-1.4 

2  P  ;«rr 

-1.9 

-1.9 

-1.9 

37  tt  Vttu 

-2.7 

-3.1 

-2.2:: 

-2.5 

1*1  i  Aur 

-0.8 

-0.5 

13‘  <t  oo 

-3.6:: 

-1.4: : 

-3.4 

-2.5 

ll*-0  ot  "cr 

*1.0:: 

-0.4 

155  <t  5co 

-3.5 

-3.0 

156  30gKer 

-2.3 

-1.9 

-1.0 

167  d  Her 

-3.9:: 

-3.7 

-3.5 

-2.1 

l8o  X  oph 

-1.5 

-0.1 

182  R  r.yr 

-2.'* 

-2.3 

-2.1 

-1.6 

183  6  lyr 

-1.4 

-1.3 

-0.6 

188  y  Aql 

-1.0 

-0.7 
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TABLE  I  A  (Coat'd.) 

Homrr  mson  auwunr  d*1***  gTCgr  *QR  x-j 


1B9  s  rg* 

•0.8 

•1.0 

•0.6 

100  x  Cyg 

-1.7 

-2.1 

•2.1 

•A.l 

19?  y  Sgs 

-0.5 

—0.  A 

19G  0  Pel 

-0.7 

-0.7 

—0.  A 

199  «•  Cyg 

0.0 

-0.1 

210  VQyg 

-1.1 

-1.6 

-0.1 

211  6  Peg 

-0.9 

-0.7 

212  ^  Op 

-1.7 

-1.7 

-1.9 

-0.9 

213  lB  Op 

0.0 

•0.1 

216  »S  Op 

+0.2 

-0.2 

-0.  A 

22A  A  Aqr 

-0.3 

-0.  A 

-0.6 

225  /3  Peg 

(-2.2) 

(-2.2) 

-1.9 

(-2.2) 

(-2.2) 

(-2.2) 

-1.8 

229  X  Agr 

+2.0 

♦1.6 

-0.5 

231  71  Peg 

-0.2 

+0.3 

+0.2 

+0.3 

-0.5 

-0.1 

23k  y  Fag 

0.0 

+0.1 

+0.1 

+0.2 

-0.1 

-0.1 

+0.1 

235  R  Oa 

-1.A 

-1.2 

-1.5 

-1.3 

-1.1 

-1.6 

CL  Lyr 

(-0.1) 

(-0.1:) 

(-0.1) 

tt  Aql 

6  Op 

+2.3 

+2.3 

€  Aur 

+1.3 
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TABLE  I  B 


HOUlff  WILBOH  SUWABY  DATA  SHEET  FOR  Y-BAKD 

Computed 


mow 

K/A2H1 

8/16-17 

K/nsui 

M-J/t-Bvll 

8/20-21 

(Wfte 

-0.1 

•0.3s: 

-0.6 

8  6  Aid 

•0.5 

•1.1 

•0.6: : 

•0.4 

•0.6 

-0.3 

9  K  CM 

•0>: : 

0.0 

1*>  fi  And 

-2.3 

-1.9 

-1.6:: 

-2.0 

-1.3 

-1.9 

30  7  And 

-1.2 

-0.8 

•0.8:: 

•1#4 

21  A  Art 

-0.8 

-0.5:: 

•0.2:: 

-1.0 

22  o  5*t 

-3.7 

-3.* 

-3>:t 

-3.7 

-2.2:: 

-4.4 

2*  ^  Rer 

•0.2 

0.0 

0.0 

25  *  «et 

•1.6 

-1.7:: 

-2.0 

(-1.7::) 

•1.8 

26  /»  iVr 

-2.2 

-2.2 

1 

ro 

• 

O 

-2.3 

y:  a  Twi 

-2,8 

-3.2 

-2.7:: 

-2.8 

4l  l  Aur 

-1.1 

-0.8 

p6  a  Boo 

-1.2:: 

-3.4 

-2.7 

lW  A  Ser 

155  CL  Sco 

-3.9 

•3.* 

156  30gHer 

-1.1:: 

-2.7 

-1.2 

167  &  tier 

-3.5 

-3.0 

-3.9 

•2*^ 

180  X  Oph 

-2.2 

-0.3 

182  R  Lyr 

-1.3 

-2.8 

-1.6 

-2.4 

-1.9 

-2.0 

-1.9 

183  6  Lyr 

-2.3 

-1.6 

-1.0 

188  /  Aql 

-0.9 

-1.0 
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TABLE  I  B  (Coat'd.) 

Houir  wiLsoB  a mmr  data  y-mmd 


omnvED  ^ 

gW  8/14.15  6/15-16  8/l£lT  8/17-lfi  8/19-20  8/80.21 


189  6  5* 

*0,1 

•1.1 

1?0  *  Cy* 

•1.2 

•2.9 

•2>  . 

19B  y 

-0.8 

198  U  tel 

•1.1 

-1.4 

199  €  Cjr« 

0.0 

210  V  Car* 

-1.3 

-2.1 

211  C  F** 

•1.4 

212  u  C*p 

•2.0 

-2.0 

-2.1 

-2.2 

-2.5 

213  18  CBp 

-0.1 

216  S  C*P 

♦0.1 

*0.3 

22**  A  Jkqr 

*0.4: 

-0.5 

225  /3  Hg 

(-2.3) 

(-2.3) 

.2.0 

(-2.3) 

-2.1 

(-2.3) 

229  X  Aq r 

*2.0 

+1.4 

23i  n  i*g 

-0.1 

*0.1 

-0.4 

-0.3 

23**  Y  2e<- 

-0.2 

-0.1 

*0.2 

*0.2 

+0.3 

+0.2 

235  R  Cm 

-2.1* 

•2.3 

-1.9 

-1.9 

-2.2 

-2.0 

A  6yr 

(-0.1) 

(-0.1) 

(-0.1) 

(-0.1) 

Ci  Aql 

-0.9 

6  >P 

+2.9 

€.  A*ur 

+1.2 
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Co^mU4 

•1.0 

-**.3 

-0.6 

-0.6 

-0.3 

-0.5 

-1.0 

•1.3 

•0.1 

-0.8 

-1.1 

•2.3 

-0.8 

-0.* 

-0.3 

-1.3 

-0.1 


•a  o 


B  | 

I  *. 
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TABLE  111 


CCNPARISOH  OF  PERKIHS  AW?  MOUNT  WILSOW  DATA 


Perkins 

Mount  Wilson 

Perkins 

Mount  Wilson 

Star 

\ 

1 

“x 

*9 

Cas 

+0.1 

-0.3 

-0.4 

+0.4 

+0.5 

+0.1 

14 

And 

-2.0 

-1.6 

-1.8 

-2.0 

-0.2 

+0.4 

20 

y 

And 

-1.0 

-0.4 

-1.0 

-0.9 

0.0 

+0.5 

21 

CL 

Ari 

-0.3 

-0.8 

+0.5 

22 

O 

Cet 

-3.0 

-3.5 

-3.0 

-3-6 

0.0 

+0.1 

25 

a 

Cet 

-1.7 

-1.4 

-1.6 

-1.8 

-0.1 

+0.4 

26 

/ 0 

Per 

-1.9 

-2.1 

-1.9 

-2.2 

0.0 

+0.1 

37 

a 

Tau 

-2.9 

-2.9 

-2.9 

-3-0 

0.0 

+0.1 

4l 

L 

Aur 

-0.4 

-0.8 

+0.4 

136 

(L 

Boo 

-2.2 

-3.4 

+.12 

167 

CL 

Her 

-3-5 

-3-6 

+0.1 

188 

y 

Agl 

+0.1 

-1.0 

+1.1 

190 

X 

Cyg 

-2.3 

-2.0 

-0.3 

198 

u 

Del 

-0.9 

-0.7 

-0.2 

212 

/* 

Cep 

-2.1 

-1.8 

-0.3 

231 

71 

Peg 

-0.4 

-0.1 

-0.3 

235 

R 

Cas 

-1.8 

-1.3 

-0.5 
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catalogue  nwber  (Appendix  IV )  and  the  common  designation  of  the  star;  the 
apparent  Magnitudes  Uhulated  under  the  date  upon  which  the  individual  aeasure 
was  Mde;  and  finally  the  caaputed  apparent  magnitude  of  the  star  based  upon 
the  asouaptlca  that  the  stars  radiate  as  blackbodles.  Table  I  is  presented 
in  tiro  parts,  A  and  B,  for  the  X-aagnitudes  and  the  Y-aagaitudes,  respectively. 

In  Table  I  are  used  several  notations  to  indicate  something 
of  the  quality  of  the  observation  or  of  the  Banner  in  which  the  aagnltude 
determination  was  Bade.  A  single  colon  (:)  following  the  tabulated  aagnltude 
indicates  that  the  deflection  used  for  the  determination  of  that  aagnltude 
was  not  considered  to  be  sufficiently  steady  or  free  from  transparency  or 
sensitivity  changes  to  yield  a  reliable  aagnltude.  A  double  colon  (::) 
following  a  aagnltude  indicates  that  the  observation  was  taken  outside  the 
tine  Interval  covered  by  blackbody  reference  signals  which  were  used  to  moni¬ 
tor  the  sensitivity  of  the  detector.  As  any  reliance  on  these  quantities 
would  depend  upon  a  rather  drastic  extrapolation  of  the  sensitivity  data,  it 
was  decided  that  these  values  would  not  be  used  in  the  determination  of  the 
Tnpnn  values  of  the  magnitudes  entered  in  the  sunmary  of  the  Mount  Wilson 
observations  given  in  Table  II.  A  magnitude  enclosed  in  parenthesis  (  ) 
indicates  that  star  used  on  that  night  as  a  standard  star  and  the  value  is 
that  obtained  on  another  night  by  a  direct  interccmparison  with  the  primary 
standard  Vega  (  otLyrae).  A  further  discussion  of  the  system  of  standards 
is  given  in  Appendix  II. 
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Table  n  consUts  of  the  seen  values  of  the  apparent  magnitudes 
obtained  on  the  nights  listed  In  Table  I.  Fbr  many  of  the  stars  this  value 
Is  the  result  of  a  single  observation  and  there  Is  no  attempt  to  weigh  these 
results  In  c caparison  to  those  stars  for  which  there  are  four  or  sore  determi¬ 
nations  of  magnitude.  An  analysis  of  the  aean  deviations  of  the  different 
observations  of  a  given  star  indicates  for  the  X-nagnitudes  an  average  deviation 
of  ±0.1  nagnltude;  for  the  Y-aagnltude  It  Is  about  ±0.2  magnitude. 

Of  the  eight  long  period  variable  stars  observed,  only  four 
have  reliably  detenalned  visual  magnitudes  for  the  nights  upon  which  they 
were  observed.  These  magnitudes  are  Included  In  Table  II  under  the  column 
headed  nv  and  are  enclosed  In  parentheses.  The  remaining  long  period  variables 
have  tabulated  for  their  visual  magnitude  the  maximum  value  listed  for  them 
In  the  Radial  Velocity  Catalogue  (Reference  7)- 

The  observed  X-  and  Y-color  indices  arc  given  in  Table  II  as 
Is  the  temperature  for  each  star  observed,  based  upon  the  temperature  cali¬ 
bration  given  by  Morgan  and  Keenan  (Reference  5)*  This  temperature  is  used 
to  plot  the  observed  colors  against  the  theoretically  calculated  values,  based 
upon  the  assumption  that  the  stars  radiate  as  blackbodies.  Included  are 
approximate  values  of  stellar  irradiances  H  and  H  .  The  final  column  of 
Table  II  gives,  respectively,  the  number  of  observations  used  to  determine 
the  X-  and  the  Y-raagnitudes. 


Figure  II,  a  plot  of  the  X-index  as  a  function  of  temperature, 
indicates  a  marked  tendency  for  the  points  to  lie  above  the  theoretical  curve 
for  the  coolest  stars  observed.  Several  of  the  points  most  removed  from  the 
theoretical  curve  are  the  variable  stars  observed  far  from  the  maximum  light. 
These  large  Indices  are  the  result  of  the  fact  that  the  visual  magnitude 
varies  over  a  range  corresponding  to  a  light  variation  of  tvo  or  more  orders 
of  magnitude  while  the  temperature  and  presumably  the  infrared  irrad lance 
remains  nearly  constant.  It  is  also  significant  that  the  non-variable  stars 
at  these  temperatures  also  show  a  tendency  to  lie  above  the  curve,  which  in¬ 
dicates  that  there  may  be  some  source  of  continuous  opacity  in  the  atmospheres 
of  these  stars  which  limits  the  amounts  of  visible  radiation  which  can  escape 
from  the  stars.  Suggestions  have  been  made  that  the  formation  of  clouds  of 
condensed  molecular  material  may  account  for  the  wide  variations  in  the  visual 
brightness  of  the  long  period  variable  stars.  It  may  be  that  a  similar 
mechanism  serves  to  decrease  the  visual  lrradiance  of  the  non-variable  stars 
in  this  temperature  region  although  to  a  somewhat  smaller  extent. 

Belov  a  temperature  of  about  3000%  the  observed  points  seem 
to  cluster  about  the  computed  curve.  The  only  group  of  stars  which  seem  in 
any  way  to  show  a  consistent  trend  are  the  supergiant  stars  (represented  by 
a  (+)  on  the  graph)  which  occur  only  above  the  curve  at  all  temperatures. 

The  plots  of  observed  minus  computed  values  of  X-color  index 
for  the  supergiants  and  nonvariable  giants  are  in  Figures  13  and  l4. 
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Effective  Teeperature  (°K) 

Figure  11.  THE  X-COIOR  INDEX  AS  A  FUNCTION  OF  TEMPERATURE 
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SERVED  Y -INDEX  MINUS  THE  BLACKRODY  CALCULATED 

DEX  AS  A  FUNCTION  OF  TEMPERATURE  FOR  NORMAL 
GIANTS 


Effective  Tcaperature  (°K) 


The  Y-indices  plotted  in  71  sure  12  show  n  similar  trend  to 
pui  above  the  computed  curve  at  temperatures  below  about  2500*K.  It  can 
be  aeen  frcai  the  Y.I.  curves,  Figures  15  and  16,  that  the  nocvarlable  stare 
cluster  about  a  line  about  0.5  Magnitude  below  the  predicted  values.  Ibis 
la  In  essential  agreement  with  scae  of  the  recent  observations  aade  by 
Freeaan  Hall  (Reference  U). 

The  supergiants  show  a  tendency  in  the  Y-band  to  again  lie 
ayateaatlcally  above  the  ccaputed  curve.  It  seems  apparent  that  the  super- 
giant  stars  possess  an  excess  of  infrared  radiation  emission  in  the  wavelength 

bands  which  we  have  studied.  The  coablnatlon  of  the  two  result?  Just  Mentioned; 

•» 

i.e.,  the  excess  infrared  emission  of  both  the  supergiants  and  the  very  latest 
spectral  type  stars,  would  lead  one  to  underestimate  the  severity  of  the  back¬ 
ground  problem  if  the  assumption  of  blackbody  radiation  is  used.  The  amount 
of  underestimation  on  the  basis  of  the  supergiants  alone  would  represent  a 
factor  of  about  5  in  the  numbers  of  such  stars  which  would  be  detectable.  As 
there  are  relatively  few  of  these  stars  in  a  given  volume  of  space  this  need 
not  be  considered  a  serious  problem.  There  are  however  many  more  very  cool 
giant  stars  which  show  an  excess  of  the  infrared  radiation.  It  would  seem 
that  more  study  is  indicated  for  these  objects  in  terms  of  the  nature  of  the 
excess  and  possible  modification  of  the  temperatures  for  these  stars.  It 
must  be  pointed  out  here  that  many  of  the  very  coolest  stars  on  this  program 
are  plotted  for  temperatures  which  were  of  necessity  extrapolated  from  the 
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temperature  data  of  Horgan  and  Keenan.  There  is  reason,  therefore,  to  suppose 
that  corrections  to  the  assumed  teaperature  scale  for  these  cool  stars  nay  be 

justified. 

The  t captation  to  modify  the  teaperature  scale  for  any  of  these 
late  type  stars  should  be  suppressed  until  the  degree  of  blanketing  In  the 
visual  region  Is  more  fully  investigated.  There  is  also  need  for  a  more  de¬ 
tailed  study  of  Bolccular  absorption  in  the  infrared  which  nay  have  a  direct 
bearing  upon  the  deteroinatior.  of  strictly  1R  color  indices,  e.g.,  (nx  -  my). 
9uch  Indices  obtained  with  very  accurate  X-  and  Y-nagnitudes  could  be  used 
to  provide  accurate  color  tenporatures  for  the  late  type  stars. 

F.  CONSIDERATION  OF  THE  ABBOMAL  OBJECTS 

So  far  we  hove  described  only  the  normal  stars  in  which  were 

included  the  long  period  variable  stars  whose  behavior  is  not  particularly 
stable  but  at  least  predictable.  There  were  in  addition  to  these  stars  three 
others  observed  which  deserve  some  additional  and  special  comment.  These  stars 

are;  T  Corona  Borealis,  X  Aquarii,  and  €  Aurigae. 

T  Corona  Borealis  (T  CrB)  was  included  on  the  list  of  bright 
objects  which  should  be  easily  observable  with  the  infrared  photometer.  With 
a  computed  magnitude  of  about  -3-0  for  each  wavelength  band  it  lies  about  6 
magnitudes  above  the  limit  of  the  photometer.  Attempts  were  made  on  two 
nights  to  obtain  infrared  deflections  for  this  star  in  both  the  X-  and  Y-bands 
without  success.  A  look  into  the  nature  of  this  object  indicates  that  it  is 
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not  of  the  typical  long  period  variable  type  and  indeed  aeeai  to  possess 
some  features  that  are  entirely  at  variance  with  those  of  the  long  period 
variables.  The  nature  of  the  variation  of  T  CrB  is  such  that  the  star  in 
its  "normal”  state  is  at  about  9th  or  10th  visual  magnitude.  Occasionally 
the  star  flares  up  to  nearly  2nd  magnitude,  such  occurrences  giving  to  the 
star  its  popular  name  "the  Blaze  Star”. 

The  calculation  of  the  infrared  magnitudes  were  made  on  the 
basis  of  the  maximum  magnitude.  The  result  of  this  arbitrary  treatment  of 
the  variable  stars  produced  an  infrared  magnitude  about  7  or  8  magnitudes 
brighter  than  the  star  actually  possesses.  Other  stars  of  this  type,  when 
they  are  encountered,  should  be  treated  as  if  their  normal  state  is  that 
of  minimum  visual  magnitude. 

X  Aquarii  (X  Aqr)  is  another  variable  star  which  revealed  an 
unexpected  result.  At  a  temperature  of  about  2700*,  the  calculated  X-magnitude 
Is  -0.2  and  the  Y-magnitude  is  -0.7.  The  observed  X-  and  Y-magnltudes  re¬ 
spectively  are  +1.8  and  +1.7*  This  represents  a  deficiency  of  2.0  and  2.4 
magnitudes  in  the  X-  and  Y -bands.  The  observed  values  are  obtained  from 
observations  made  on  two  nights  and,  though  they  were  taken  at  fairly  large 
zenith  distances,  such  deviations  from  the  computed  values  have  not  been 
observed  for  any  other  star.  The  reason  for  this  abnormally  low  irradiance 
is  not  apparent. 
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During  the  course  of  the  program  of  photometry  of  the  late 
type  stars  observations  were  made  of  the  eclipsing  binary  C  Aurigae  (  C  Aur) 
in  both  the  X-  and  Y-wavelength  regions.  These  data  are  given  below  with  calcu¬ 
lated  colors  and  amgnitudes  based  upon  the  assumption  of  blackbody  emission  of 
a  single  star  of  the  spectral  type  of  the  primary  component  of  £  Aurigae: 


Spectral  Type 


PO  V 

(plus  a  nonvisible  companion)* 


Bv 

+3 

“x 

+1.3 

m 

y 

+1.2 

X.  I.  (my  -  mx) 

+2.1 

Y.  1.  (mv  -  my) 

+2.2 

mx  (calculated) 

+2.6 

m  (calculated) 

y 

+2.6 

T  (IR) 

1350*K 

log  R  (IR) 

+3**3 

log  Mass  (IR) 

+1-39 

*  Kuiper,  et  al  (Ref.  6) 

Remarks 


Wilson  (Reference  7) 

EK/OSU  Infrared  Stellar 
Photometer,  Mount  Wilson 
Observatory,  August,  1961 


Blackbody  assumption 
for  FO  I  star  alone 
T  *  7200*K 


Kuiper,  et  al.  Reference  6 
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In  their  description  of  the  binary  system  £  Aurigae,  Kuiper, 
Struve,  end  Stroagren  (Reference  6)  depicted  a  noraal  F  type  supergiant  ac- 
coapanled  by  a  large  cool  star  which  eclipses  the  P  star  every  2?  years.  The 
cool  coaponent  with  a  derived  teaperature  of  1390*  does  not  emit  enough 
visible  radiation  to  be  uuliccd  even  during  the  primary  eclipse.  As  the 
prlaary  eclipse  is  evidently  only  an  atmospheric  eclipse  there  seems  to  be 
no  possibility  that  a  secondary  minimum  can  be  detected  in  the  visible  region. 

If  the  companion  of  the  F  supergiant  is  Indeed  a  star  of  such 
low  temperature,  most  of  its  energy  will  appear  in  the  infrared  and  it  thus 
becomes  an  object  of  interest  in  any  program  of  Infrared  stellar  photometry. 
Vhen  it  was  noted  that  the  measured  infrared  magnitudes  of  £  Aurigae  were 
more  than  one  magnitude  brighter  than  predicted  on  the  basis  of  the  F- component 
alone,  efforts  were  made  to  determine  if  the  excess  infrared  radiation  could 
be  reconciled  with  an  object  of  the  type  described  by  Kuiper,  Struve  and 
Stroagren. 

Taking  the  observed  apparent  Y -magnitude  to  be  the  combined 
magnitude  of  the  system,  and  the  calculated  apparent  magnitude  for  the  FO  I 
star  to  be  +2.6,  (m  -  YI  .  ),  it  is  found  that  the  apparent  Y -magnitude  of 
the  infrared  component  alone  is  +1.6. 

The  distance  of  €  Aurigae  is  given  by  Kuiper  et  al  ( 1937 ) 
as  1000  parsecs.  This  provides  an  absolute  Y-magnitude  of  -8.4.  From 
Appendix  III  the  Y-luminosity  of  a  star  with  M  =  -8.4  is  8.4  x  10^  watts. 


The  radius  of  a  blackbody  emitter  required  to  produce  the  observed  Y-lumiaosity 
as  a  function  of  temperature  has  been  computed  as  follows: 


Temperature 

(*k) 

Surface  Area 

Radiant  Energy  of  Blackbody  (To  produce 

(3.2  to  U.2  microns)  My  ■  8.1*) 

(watts/cm^)  (cm^) 

Radius 

(«> 

820 

O.U7 

1.8  x  102® 

3.8  x  1013 

1000 

1.1 

7.6  x  1027 

2.5  x  1013 

1350 

3.6 

2.  3  x  1027 

1.1*  x  10li 

3100 

26. 

3.2  x  1026 

12 

5.2  x  10^ 

The  published  radius  of  the  infrared  component  of  £  Aurigae 
is  1.9  x  lO1*4  cm,  about  one  order  of  magnitude  greater  than  the  calculated 
size  of  a  1350*  blackbody  as  shown  above.  However,  from  the  photometric 
observations  in  the  visible  region  of  the  spectrum  it  would  seem  the  outer 
layers  of  the  star  are  fairly  transparent,  producing  a  primary  minimum  of 
only  0.3  magnitude.  We  might  thus  picture  a  star  with  an  infrared  photo¬ 
sphere  at  the  effective  temperature  of  1350°  and  having  about  1/10  the 
radius  of  the  atmosphere.  If  the  atmosphere  of  the  infrared  component  proves 
to  be  quite  opaque  to  the  infrared  radiation  of  the  F0  component,  thereby 
showing  its  nearly  blackbody  character,  then  we  would  be  led  on  the  basis 
of  the  size  determination  of  the  star  to  conclude  a  much  lower  temperature 
than  1350 °. 
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It  becomes  of  great  interest  then  to  Mature  the  variation 

of  the  Infrared  irradiance  during  the  next  eclipse  of  the  syatea  to  tee 
just  how  opaque  the  atmosphere  it  to  the  Infrared  radiation  of  the  FD  star. 
Since  the  apparent  Y-magnltude  of  the  IR  coaponent  alone  la  -*>1.6  and  the 
Y-mgnitude  of  the  system  la  +1.2  we  would  expect  on  the  basis  of  a  totally 
opaque  ataosphere  a  decrease  of  the  Y-nagnltude  of  0.4  as  the  FD  star  passes 
behind  the  ataosphere  of  the  infrared  coaponent.  If  the  decrease  in  Infra¬ 
red  brightness  Is  any  less  than  this  or  if  the  FD  coaponent  passes  behind 
the  ataosphere  of  the  Infrared  star  without  a  decrease  In  the  Y-lrradlance, 
ve  would  then  be  certain  that  the  outer  layers  of  the  star  do  not  behave  In 
the  manner  of  a  blackbody  in  the  Infrared  and  that  the  majority  of  the  Infra¬ 
red  radiation  probably  cones  frcn  a  somewhat  smaller  photosphere  which  does 
not  participate  in  the  eclipse. 

If  we  assume  a  star  of  absolute  Y-magnltude  of  -8.4  at  a 
distance  of  1000  parsecs  it  is  possible  to  calculate  the  visual  irradiance 
of  the  same  star  if  it  radiates  as  a  blackbody.  Fbr  a  1350*  blackbody,  the 
Y- irradiance  is  about  700  times  the  visual  irradiance.  Thus  a  star  having 

_yj  2 

m  =*  +1.6  and  an  irradiance  at  the  earth  of  7  x  10  '  watts/cm  in  the  Y-band 

7  -4  -21 

(Reference  2)  will  have  a  V-irradiance*of  (l.l  x  10  )l  or  7*7  *  10 

vatts/cm^.  This  corresponds  to  a  visual  magnitude  of  my  =  +19*2.  In  combi¬ 
nation  with  the  PO  component  the  infrared  star  contributes  essentially  nothing 
to  the  visual  magnitude  of  the  system. 

*  Visual  irradiance 
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The  observation  of  a  truly  lnfmred"star  In  the  ayateai  of 
€  Aurlgae  makes  It  all  the  more  important  to  try  to  Identify  such  objects 
in  the  vicinity  of  the  sun.  Consider  an  infrared  star  of  this  type  in  the 
vicinity  of  the  sun,  for  Instance,  at  20  parsecs  (instead  of  1000  parsecs). 
It  would  have  a  visual  magnitude  of  +10.7  but  a  Y -magnitude  of  -6.9.  Such 
a  star,  though  visually  100  times  fainter  than  the  faintest  naked-eye  star, 
would  have  an  Infrared  brightness  seven  times  that  of  Betelgeuse,  which  is 
Itself  the  eighth  brightest  naked -eye  star.  Even  at  this  close  range  the 
linear  extent  of  the  star's  enormous  disk  would  be  well  beyond  the  resolving 
power  of  the  largest  telescope. 

Tvo  methods  suggest  themselves  for  the  detection  of  such 
objects:  (l)  photographic,  at  wavelengths  O.h-O.9  microns,  wherein  they 
would  exhibit  large  color  indices,  and  (2)  infrared  scanning  with  a  wide- 
fleld  Instrument  of  moderate  to  high  sensitivity. 


65 


APPENDIX  I 


MOTES  OH  MOUNT  WILSON  DMA  REDUCTION 


1.  Raw  data  vaa  talon  fro*  tba  tape*  in  the  for*  of  nat  deflection,  (a tar 
deflection  alnua  iky  deflection)  aa  follows: 

Ti*e  of  observation 

Star  Identification 

Filter  uaed 

Net  deflection 

Gain  netting 

Hour  angle  (if  recorded) 

Temperature  when  recorded 
Blackbody  Deflect  lone 

2.  The  blackbody  deflections  and  star  deflections  were  then  normllied 
to  gain  19,  the  highest  pin  setting  available.  This  was  accoapUshed  by 
using  the  Input  attenuator  calibration  labelled  "Jlonallsed  Factor".  This  ' 
served  to  place  the  observations  on  a  coann  basis  for  determining  relative 
Intensities. 

3.  It  was  noted  that  the  blackbody  deflections,  presumed  to  have  been  taken 
fro*  a  constant  temperature  source,  varied  In  sobs  cases  by  factors  of  3  or  k, 
over  the  period  of  tl*e  covered  by  the  observation. 

This  has  been  Interpreted  as  a  variation  In  detector  sensitivity;  although 
the  exact  cause  Is  unknown, It  has  been  treated  as  if  there  has  been  Introduced 
at  each  point  during  the  nipt  an  arbitrary  pin  or  attenuation  factor. 

The  dsteralnatlon  of  this  factor  would  have  been  very  straightforward  had 
the  blackbody  cooparlsons  been  aade  at  the  tlae  of  each  star  observation. 
Unfortunately  the  variation  In  blackbody  deflection  was  not  recognised  at  the 
tine  of  observation  and  It  was  not  considered  necessary  to  taka  blackbody 
comparisons  more  than  about  once  an  hour. 

As  a  result  It  has  becoae  necessary  to  oaks  certain  assumptions  concerning 
the  variation  of  systea  sensitivity  between  the  asasured  blackbody  points  as 
well  as  sosw  of  the  regions  outside  the  aeasured  points. 
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Iha  normlised  blackbody  deflections  are  plotted  at  a  function  of  time. 

a.  Tha  variation  of  sensitivity  between  polnta  on  tba  graphs 
Is  aasusad  to  ba  continuous  and  smooth, 

b.  Wo  attanpt  has  baan  nada  to  infer  peaks  or  dips  between  polnta 
although  there  My  ba  evidence  of  such  in  the  reduced  data. 

c.  Extrapolation  has  not  been  carried  out  wore  than  a  snail 
fraction  of  an  hour  beyond  end  points.  Objects  having 
Mgnitudes  determined  from  extrapolated  sensitivity  data 
have  such  magnitudes  narked  with  a  double  colon  (sj)  on  tha 
sunaary  sheets.  Correction  factors,  tensed  "sensitivity 
factors,"  were  obtained  from  the  smooth  blackbody  deflection 
versus  tine  curves  which  were  then  used  to  convert  tha  star 
deflections  to  sensitivity  comparable  to  that  of  the  system 
at  the  tlaa  the  standard  star  was  nsasured.  This  technique 
in  essence  smoothed  the  assumed  blackbody  curve  to  a 

flat  curve  through  the  point  corresponding  to  the  sensitivity 
at  the  time  of  the  observation  of  the  standard  stars. 

k.  Application  of  the  sensitivity  factor  to  the  normalised  deflections  yields 
the  value  L*,  taken  to  be  proportional  to  the  intensity  of  the  radiation  In  the 
appropriate  wavelength  band. 

5.  Ratios  are  taken  between  the  L"  for  the  stars  and  the  standard  star 
chosen  for  the  appropriate  time  interval.  These  ratios  (L*/l^)  are  then 
converted  to  differences  in  stellar  magnitude  between  the  stars  and  the 
chosen  standard. 

6.  By  application  of  the  standard  star  magnitude  it  is  then  possible  to 
arrive  at  the  X-  and  Y-nagnitude  of  each  star. 

7.  These  magnitudes  are  tabulated  on  the  sumoary  sheets  in  Appendix  V. 
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APPENDIX  II 


CQWEHTS  ON  STAKDMID  STARS 


In  view  of  the  uncertain  nature  of  all  the  atora  on  the  program  It  was 
decided  to  uae  ae  few  standard  stars  as  possibles  that  is,  to  observe  the 
asgnltude  difference  of  the  progra*  stars  with  respect  to  the  saae  star  as 
often  as  possible,  Ihe  following  considerations  were  deemed  important  in 
establishing  the  magnitude  systea. 

1.  The  *ero  point  of  the  By  and  m*  magnitude  scales  should  be  set  by 
observations  on  a  star  as  near  in  spectral  type  as  possible  for  the  spectral 
type  used  to  set  the  *ero  point  in  the  theoretical  calculations  of  the 
Infrared  color  systems.  This  type  is  AO  V  and  the  only  star  observed 

this  summer  near  this  spectral  type  is  Lyrae  at  A2  V. 

2.  Since  <£  lyrae  could  not  be  observed  on  every  night,  due  for  instance 

to  clouds  in  the  early  part  of  the  evening,  a  secondary  standard  (or  standards) 
should  be  set  up  to  fulfill  as  many  of  the  following  requirements  os  possible. 

a.  It  should  be  a  veil  observed  star;  i.e.,  a  star  which  has  a 
Eagnltude  determined  on  several  nights. 

b.  It  should  lie  somewhere  in  the  middle  of  the  region  of  the 
sky  b*ing  observed  so  that  a  minimum  of  time  difference 
occurs  between  the  observation  of  the  standard  and  the  star 
being  measured. 

c.  It  should  be  relatively  bright. 

d.  It  should  have  a  magnitude  well  determined  with  respect  to 
0$  Lyrae,  the  primary  standard. 

One  star  which  was  observed  on  most  nights  was  /9  Pegasi.  Besides  being 
a  star  well  observed  during  the  previous  fall  and  winter,  it  is  a  bright 
star  producing  large  reliable  deflections. 

There  are  however  several  drawbacks  to  the  choice  of  /&  Peg,  Though  it 
was  observed  on  four  nights  with  ft Lyrae,  only  two  can  be  used  for  direct 
comparison. 
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Date  (1961) 
Auf  15-16 


Renarkj 


Detector  «*h*"g*  occured  between  observation  of 
dL  Lyr  and  /3  Peg. 

Aug  16-17  Whole  night  referred  to  ct  lyr.  There  la  tone 

question  as  to  the  sensitivity  correction  for  the 
tlae  (t  Lyr  was  observed.  This  night  night  better 
have  been  referred  to  fi  Peg  alone. 

Direct  comparison: 

Peg/  OL  lyr  n^  *  -2.2 

By  «  *2.3 

CL  Lyr  was  4  1/2  hours  west  when  observed  and  at¬ 
mospheric  effects  were  uncertain.  Only  R  Lyrae 
measured  at  sane  tine,  was  referred  to  Oi  Lyr. 


On  the  basis  of  the  one  reliable  interconparison  of  ct  Lyrae  and  Peg, 
it  was  decided  to  consider  the  values  of  the  magnitudes  for  /3  Peg  as: 

nx  -  -2.2 

“y  ■  -2-3 

These  values  were  both  measured  for  the  two  stars  on  August  17-18,  1961. 

The  value  for  in  is  about  0.4  magnitudes  brighter  than  the  calculated  value 
from  the  theory,  but  the  value  for  m  is  the  same  as  the  theoretical 
determination. 

As  there  is  no  way  to  determine  the  relative  brightness  of  the  star 
from  one  night  to  the  next,  independent  of  the  sensitivity  corrections, 
there  is  no  way  of  telling  how  reliably  the  observations  of  /flPeg  can  be 
reproduced. 

In  spite  of  the  inherent  danger  of  using  /3  Peg  for  a  standard,  it  is  to 
be  noted  that  there  is  no  other  star  which  fits  the  requirements  set  down 
above  any  better  than  does  Peg.  Therefore, with  one  exception, this  star 
was  used  as  a  secondary  standard  at  all  times  when  OL  Lyr  was  not  available. 

The  one  exception  was  the  use  of  Oi  Ceti  on  August  20-21,  1961  for  the  stars 
observed  with  detector  D-5  for  which  there  were  no  deflections  of  £  Peg. made. 
This.star  was  chosen  at  the  time  because  it  was  thoughtto  be  the  best  observed 
of  those  under  consideration.  .O  Ceti  might  have  been  as  good  a  choice  but, 
due  to  the  fact  that  it  is  known  to  be  a  long  period  variable  star,  it  was 
decided  that  it  would  be  best  not  to  rely  upon  it  for  standardization. 


Aug  17-18 

Aug  19-20 


APPENDIX  III 


THE  INFRARED  CHARACTERISTICS  OF 
PROTOSTARS  AND  DARK  GLOBULES 

by 

Philip  E.  Barnhart 
Perkins  Observatory,  Delaware,  Ohio 


INTRDBUCTIGN 

Since  the  application  of  high-ccnsitivity  IR  detectors  to  the 
field  of  stellar  photometry,  such  interest  lias  arisen  in  the  possibility  of 
measuring  I r radiances  of  various  objects  in  space  which  do  not  emit  visible 
radiation  (0.»»  to  0.7  micron)  but  which,  due  to  their  temperature  or  size,  cay 
colt  considerable  aaounts  of  radiation  in  the  longer  wavelengths.  Pressure 
Is  being  applied  by  theoretical  astrophysicists  to  attempt  the  detection  of 
contracting  protostars,  the  existence  of  which  is  strongly  supported  by 
theoretical  considerations  of  the  requirements  of  star  formtion  and  the 
observational  evidence  of  the  presence  of  such  objects  in  very  young  galactic 
clusters.  Interest  is  also  being  shown  in  the  fairly  nunc  roue,  dense,  dark 
globules  of  interstellar  material  which  appear  silhouetted  against  luminous 
nebulae  or  star  clouds  as  possible  breeding  grounds  for  these  protostars. 

The  present  calculations  are  concerned  with  the  infrared 
characteristics  of  certain  assumed  types  of  protostars  and  the  potential  IR 
results  based  upon  observed  characteristics  of  dark  globules.  These 
calculations  arc  based  upon  the  experimental  results  on  normal  stars  in  the 
plumbidc  region  (3  to  4  microns)  for  two  reasons. 

1.  Astronomical  performance  characteristics  of  the  plumbidc  cell  are 
well  known  so  we  can  work  from  a  well  established  limiting 
detectability. 
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2.  For  the  Intermediate  toqwraturco  encountered  in  pre-mln  sequence 
contraction  (800*  to  2000*X  the  pluabide  sensitivity  Is  centered 
nearer  the  energy  peak  than  that  of  the  copper-doped  germanium 
detector. 


0B6EHVATI0H  OF  PBQT08TARS 

Observations  of  galactic  clusters  In  recent  years  have 
demonstrated  the  fact  that  cluster  ages  nay  be  detereined  with  fair  accuracy 
by  observing  the  brightest  cluster  members  still  existing  on  the  min  sequence. 
The  lunlnoolty  thus  obtained,  coupled  vith  the  rate  of  mss  to  energy  con¬ 
version  for  a  "zero-age”  star  at  that  position  on  the  min  sequence,  yields 
an  age  of  the  cluster,  assunlng  all  stars  in  the  cluster  "fonacd"  at  the 
same  tine. 

Certain  clusters  shoving  memberships  consisting  in  part  of 
very  luminous  0  and  B  stars  whose  ages,  because  of  their  very  high  luminosities, 
must  be  very  young  (less  than  $00,000  years  In  some  Instances)  led  M.  F.  Walker 
(Ref.  1-4)  to  make  photonetric  studies  of  the  fainter  stars  In  these  clusters 
in  hopes  of  detecting  stars  still  in  their  pre-nain  sequence  contractions. 

These  stars  will  not  be  emitting  energy  generated  by  thermonuclear  reactions 
in  the  core,  but  will  be  radiating  mostly  energy  generated'  by  the  process  of 
gravitational  contraction  first  described  by  Helmholtz  in  1854.  Walker  has 
Indeed  detected  such  protostars  in  4  young  clusters. 

If  the  energy  radiated  as  veil  as  the  temperatures  possessed 
by  such  stars  comes  about  as  the  result  of  the  physical  contraction  of  the 
body,  the  supposition  would  be  that  the  cooler  body  would,  in  general,  be 
larger  in  size  than  the  body  arriving  at  the  main  sequence,  where  the  star's 
central  temperature  is  Just  high  enough  to  maintain  the  thermonuclear 
reactions  necessary  to  establish  the  given  mass  as  a  stable  star.  This  state 
is  one  in  which  the  gravitational  attraction  inward  is  just  balanced  by  the 


go a  and  radiation  preosure  outward  resulting  froa  the  Internal  energy  gener¬ 
ation,  and  the  min  sequence  represents  the  locus  of  points  in  the  H-R 
dingraa  corresponding  to  such  stable  stars  of  different  initial  mss* 

Studies  of  He  Inholts  contraction  indicate  that  the  temperature 
of  a  contracting  mss,  assuming  homologous  contraction,  will  vary  inversely 

as  the  radius  of  the  object  (Ref*  5)* 

Calculations  of  late  phases  of  gravitational  contraction  based 
upon  the  Helmholtz  temperature  increase  have  been  carried  out  by  Scbwarzschild 
and  others  for  Objects  of  various  msecs.  These  calculations  extend  backward 
froa  the  zero-age  min  sequence  to  points  where  the  temperature  Just  places 
the  star  at  the  cool  end  of  the  H-R  diagram,  which  means  a  temperature  within 
a  factor  of  2  or  3  for  the  sun  or  a  factor  of  about  8  for  a  star  of  10  solar 
msses.  Attempts  to  extrapolate  much  further  on  the  contraction  hypothesis 
my  possibly  lead  to  serious  errors  due  to  a  decrease  in  the  opacity  of  the 
contracting  cloud  at  such  low  densities.  Extrapolations  of  temperatures  by 
factors  of  100  and  1000  are  considered,  however,  in  the  present  calculations 
to  obtain  order-of-mgnitude  values  for  small  contracting  clouds  of  the  order 
of  a  few  solar  masses.  Table  A  indicates  the  surface  areas  and  temperatures 
of  3  "protostars"  with  masses  of  1,  5,  and  10  times  the  mss  of  the  cun.  On 
the  basis  of  an  inverse  dependence  of  temperature  on  the  radius  an  increase 
of  a  factor  10  in  temperatures  will  be  produced  by  a  decrease  in  the  radius 
by  the  same  factor. 
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TABU  A 


Main  Sequence  Helaholtt  Surface 


Nua 

TMp. 

Top. 

Area 

Radius 

Solar  Numi 

•k 

•k 

cm? 

cm 

1 

02 

6000 

6000 

8.8  x  1021 

7  x  1010 

600 

8.8  x  ao23 

7  x  10U 

60: 

8.8  x  JO25 

7  x  1012 

6: 

8.8  x  1027 

7  x  1013 

5 

B8 

15400 

15400 

3.3  x  ID23 

2.4  x  10n 

1540 

3.3  x  1025 

2.4  x  1012 

154: 

3.3  x  1027 

2.4  x  ID13 

15.4: 

3.3  x  JO29 

i4 

2.4  x  10A 

10 

BO 

22400 

22400 

4.4  x  1023 

3.5  x  10U 

2240 

4.4  x  1025 

3.5  x  1012 

224: 

4.4  x  1027 

3.5  x  1013 

22.4: 

4.4  x  1029 

l4 

3.5  x  10A 

If  we  know  the  surface  area  and  temperature  of  a  body,  it  is 
then  possible  to  determine  the  luminosity,  either  total  or  in  a  particular 
wavelength  region  if  ve  assume  the  object  radiates  as  a  blackbody.  In  order 
to  do  this  for  the  3-4  micron  region,  a  group  of  significant  temperatures  was 
selected  to  provide  an  indication  in  what  direction  the  observations  might 
tend. 

1*  820 °K  .  The  temperature  at  which  the  blackbody  curve  peaks  at 

3. 5  microns,  the  center  of  the  3-4  micron  band. 
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2.  1300*K 


3.  3100*K 


The  temperature  at  which  the  blackbody  curve  peaks  at 
2.25  microns  (center  of  the  lead  sulfide  region,  2.0-2. 5 
microns),  and  also  near  the  temperature  at  which  a 
— »<nf»  percentage  of  the  total  radiation  falls  vlthin 
the  3  to  it  micron  hand. 

The  tenperature  of  Betelgeuse,  used  to  directly  compare 
the  detectivity  in  teres  of  an  object  of  known  luminosity. 


The  spectral  characteristics  of  the  three  temperatures  arc 
sunaarized  in  Table  fi. 


TABLE  B 


T 

^  BOX. 

(micron) 

Total  Radiant 
Energy 
(watts/cm®) 

Fraction  In 

3-1*  microns 

Radiant  Energy 
3-I1  microns 

820 

3-5 

2.6 

0.18 

0.1*7 

1300 

2.25 

16.0 

0.20 

3-2 

3100 

0.93 

520 

0.05 

26.0 

With  the  data  of  Tables  A  and  B  it  is  now  possible  to  compute 
the  Y-luminosities  of  the  selected  protostars  at  the  chosen  temperatures. 
Before  doing  this,  it  nay  be  well  to  establish  the  limiting  Y-irradiance 
detectable  with  the  nitrogen  cooled  plumbide  detector. 
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ijxit  or  detectability 

During  the  observing  program  carried  out  vlth  the  photometer 
on  the  100-inch  telescope,  the  faintest  signal  measured  was  due  to  £  Cephei 
at  an  apparent  Magnitude,  -  +2.9.  This  corresponded  to  an  apparent 
irradlance,  hy  ■  2  x  ID'  vatts/ca2.  On  this  basis  ve  can  tabulate  the 
absolute  Y-aagnitude  Hy>  vhlch  will  produce  the  apparent  Irradlance 
(10-17  vatto/cn2)  at  the  earth  from  a  given  distance.  This  is  obtained  from 
the  relation: 


where  ■  +-3. 5 


Hy  ■  ^  +  5  -  5  log  r 


TABLE  C 


r 

(parsecs) 

log  r 

1 

0 

+  8.5 

10 

1 

+  3-5 

100 

2 

-  1.5 

1000 

3 

-  6.5 

10000 

4 

-11.5 

M  -  absolute  Y- magnitude  of  a  star  which  is  just  detectable 

y 

from  a  distance,  r. 

To  calibrate  our  magnitude  scale  in  terms  of  apparent 
Irradlance,  ve  need  but  one  object  of  known  apparent  magnitude  and  distance. 
The  most  reliably  determined  apparent  magnitude  in  the  Y-region  is  <f  Orionls, 
the  brightest  star  observed  with  the  experimental  photometer. 
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The  pertinent  date  for  C[  Ori  ie  ns  foil  own: 


Distance  (Ref.  6) 
Apparent  Y- Magnitude 
Apparent  Y-Irradiance 


r  *  200  parsecs 
By  »  -5*0 

W  m  JL  ^ 

hy  «  3  x  10  watto/cn 


The  absolute  nagnltude  is  then: 

M  -  -5-0  +  5.0  -  5  log  200 
-  -5(2-3) 

»  -11.5 

This  gives  the  distance  modulus: 

(By  -  Hy)  -  *6-5 

To  deterainc  the  "Absolute"  ir radiance,  Hy  (■  the  lmdlance 
at  the  earth  if  C(  Orionis  were  at  a  distance  of  10  parsecs)  we  need  the 


relation: 


log 


0-h  (t»y  -  My) 

O.U  (6. 5) 

2.6o 


thus: 


II. 


1*00  h 

y  -11  ,2 

1.2  x  10  watts/cn 


A  plot  of  apparent  irradionce,  (hy),  or  apparent  magnitude 
as  a  function  of  distance,  r  (in  parsecs),  for  objects  with  various  absolute 
magnitudes.  My,  is  shown  in  Figure  III  1. 
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108  hy  -12  -II  -ii  -'5  “,7  ••• 

•y  >9.0  -9*5  -1*0  -1.5  *1.0  +3.5  +<• 

Figure  III-1.  APPARENT  IRRADIANCE  OF  OBJECTS  HAVING  VARIOUS 

MAGNITUDES  AND  DISTANCES 
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If  VC  cceputc  the  Y -luminosity  of  CC  Orionio,  then  ve  will  he 
able  to  determine  the  absolute  irradiance  for  any  object  vhose  luminosity  and 
distance  is  known. 

The  teeperature  of  CC  Ori  is  3100*  so  the  total  power  radiated 
per  square  centiaeter  of  surface,  assuming  ealsslvlty  ■  1.0,  is  given  by  the 
Stefan-Bolttoann  lav: 

ll 

e  -  <r  t 

2  2 

■  5.2  x  10  vatts/cn 

of  which  5 $  fails  in  the  3  to  4  nicron  band.  Therefore 
E  ■  26  vatts/cn2 

y 

The  radius  of  CC  Ori  is  205  times  the  radius  of  the  oun, 

(Ref.  8),  or: 

Rg  -  295  (7  x  1010  cb) 

■  2.06  x  1013  cn, 
for  which  the  surface  area  is: 

A  *  fcflr2 

27  2 

=  5.35  x  10  '  co 

and  at  26  vatts/cn2  this  gives  a  luminosity  of: 

Ly  =  1. 39  x  102*  watts 
»  1.4  x  103^  ergs/sec 

This  value  of  the  Y-luminosity  agrees  vith  the  value  obtained  from  the  ratio 
of  the  balckbody  energies  in  the  visual  and  Y  regions  of  the  spectrum  and 
the  visual  luminosity  of  the  star. 

Thus  an  object  with  an  IR  luminosity  of  1.4  x  10 i  ergs/sec 
will  have  an  absolute  Y-magnitude  of  M  =  -11. 5  and  will  just  be  detectable 

v 

from  a  distance: 
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5 


-1+3.0  « 

r  ■  10000  psc 

With  this  lnfonwtloo  the  — distance  at  vhlch  any  object  ’ 

vhoee  luainoeity  can  be  canputed  can  be  determined.  The  lminoaity  calibration 
has  been  included  on  the  plot  of  Figure  HI-1  and  labelled,  Ly  j 

mmpsrrr  of  PRoroaiARS  , 

If  ve  now  ccnpute  the  luainoeity  of  the  various  individual 
protostars  described  above,  ve  can  get  an  idea  of  the  maximum  distance  at 
which  this  particular  type  of  object  can  be  observed. 

Tram  the  tenperature-radius  data  of  Table  A,  it  is  possible  to 
determine  the  surface  area  of  each  model  protostar  at  the  temperatures  of 
Interest.  This,  combined  with  the  data  of  Table  B,  will  provide  the 
luminosity  of  each  contracting  body  at  each  significant  temperature.  This 
is  tabulated  in  Table  D. 


TABLE  D 


1  Solar  Maas  5  Solar  Masses 


Temp. 

Area 

L 

y 

Area 

L 

y 

no 

fern2) 

(watts) 

(cm2) 

(watts) 

820 

4.8  x  1023 

2.2  x  1023 

1  x  1026 

4.7  x  1025 

1300 

1.8  x  1023 

5.8  x  1023 

4  x  1025 

1.3  x  1026 

3100 

3.5  x  1022 

9.1  x  1023 

8.x  1024 

2.1  x  1026 

10  Solar  Hasses 
Area  Iy 

(cm2)  (watts) 

3.5  x10s6  1.6  x10s6 

1.5  x10s6  4.8  x10s6 

2.5  x  1025  6,5  x  10s6  f 

i 


J 
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tT*wiw»v«ssr*j 


'  As  can  be  seen  from  Table  D,  the  brightest  possible  case  is 

the  10  solar  Bass  protostar  at  a  temperature  of  3100*K,  This  object  will 
then  already  be  on  the  H-R  diagraa  eo  cannot  be  considered  an  "unknown"  object. 
However,  If  we  plot  such  an  object  on  Figure  III-l,  we  will  have  an  upper  Halt 
of  the  distance  to  which  a  small,  discrete  contracting  protostar  can  be 
observed.  The  broken  lines  in  Figure  III-l  represent  this  upper  limit  to  the 
detectivity  of  protostars.  A  look  at  Table  D  shows  that,  in  general,  the 
contracting  mass  has  a  much  smaller  radius  at  a  temperature  of  3100*,  than  a 
supergiant  star  like  GtOri.  Thus,  we  Bight  expect  Individual  protostars 
of  less  than  10  solar  masses  to  be  detected  in  the  Y- region  at  distances  up 
to  1C00  parsecs.  The  nearest  of  Walker's  young  clusters  (BGC  2264)  Is  000 
parsecs  froa  the  sun. 

The  preceding  calculation  is  based  upon  the  assumption  that 
stars  fora  as  Individuals  out  of  clouds  having  essentially  the  mass  of  the 
final  product  star  on  the  main  sequence.  Such  Is  most  likely  not  the  case. 
Where  very  young  stars  are  found  they  are  usually  found  in  groups  (open 
clusters,  0  associations,  T  associations)  of  apparent  common  origin  and  nearly 
common  age.  Thus,  it  would  seem  that  the  proper  method  of  star  formation 
might  involve  the  condensation  of  a  cloud  of  interstellar  material  of 
considerably  greater  mass  than  a  single  star  and  one  which  will  fill  a  greater 
volume  of  space  at  a  given  temperature  than  one  of  smaller  mass  content,  and 
thus  have  a  much  greater  surface  area  from  which  to  radiate  at  a  given  rate 
for  a  given  temperature. 

The  question  now  becomes:  what  sort  of  object  at  the  distance 
of  the  farthest  young  cluster  studied  by  Walker  (NGC  66ll,  r  =  3-3  kiloparsecs) 
would  be  required  to  be  observable  at  the  earth  (h  =  10  ^  watts/cm^)?  A 

y 

glance  at  Figure  III-l  reveals  that  at  the  limit  of  detectability  at  3»3  kpc  a 
luminosity  equal  to  that  of  CL  Orionis  is  required;  that  is,  M  =  -11.5*  So 

y 

any  object  to  be  observed  at  this  distance  must  have  a  luminosity  in  the 
3-4  micron  region  of 

L  >  1.4  x  10^  erg/sec 
•  y 


81 


TABLE  E 


Taqp. 

*K 


Rad.  Energy 

(3-4  micY 

ernfl/eec/ar 


820  4.7  x  ID6 

7 

1300  3*2  x  10' 

O 

3100  2.6  x  10 


3  x  10' 


29 


4.4  x  10 

5.4  x  101 


26 


27 


Radius 


cm 

Sun  »  1 

A.U. 

1.1  x  ID13 

1.64  x  20* 

73 

1.4  x  10lU 

2.4  x  K)3 

9-5 

2.1  x  K>13 

2.9  x  K)2 

1.4 

In  teres  of  astronomical  sizes,  the  values  given  in  the  lest 
colussi  of  Table  E  are  quite  moderate.  For  the  coolest  object  this  is  a 
radius  about  twice  the  radius  of  the  solar  systea.  For  1300*  the  radius  is 
the  sane  as  the  radius  of  the  orbit  of  Saturn,  while  oC  Orionis  has  a  radius 

Just  under  the  radius  of  the  orbit  of  Mars. 

On  a  published  photograph  of  HGC  66ll(Ref.  I)  a  nearly  circular 

"dark  globule"  can  be  seen  projected  against  the  bright  nebulosity  associated 
with  the  cluster.  According  to  the  published  plate  scale,  the  globule  has 
a  dianeter  of  17-4  seconds  of  arc,  which,  at  a  distance  of  3-3  kps,  amounts 
to  5.8  x  101*  astronomical  units.  This  rather  typical  blob  then  has  a  total 
surface  area  of  about  9-6  x  1036  cm2.  In  order  for  this  object  to  have  a 
total  luminosity  of  1.4  x  lO3^  erg/sec,  it  must  emit  0.146  ergs/oec/cm 
(=  1.46  x  10"8  watt/cm2).  This  rate -of  emission  will  occur  for  a  body  of 
this  size  at  about  150#K.  It  seems  quite  reasonable  to  suppose  that  if 
naterial  has  condensed  to  a  state  where  it  is  optically  thick,  that  perhaps 
it  has  utilized  enough  gravitational  energy  to  raise  its  temperature  a  few 
hundred  degrees  above  the  temperature  of  interstellar  space  (3-5#K).  Also, 
being  in  the  vicinity  of  highly  luminous  0  and  B  stars,  the  back  side  of  the 
cloud  may  absorb  a  considerable  quantity  of  ultraviolet  radiation  from  these 
stars,  raising  the  temperature  above  the  mean  temperature  of  interstellar 


space. 


If  the  globules  were  to  reach  a  tcmwrature,  by  any  nans  what¬ 
ever,  of  820%  they  would  then  have  a  total  luminosity  of  2  x  KT  ergs/sec. 
This  would  produce  a  y-lunlnosity  of  4.5  x  10*" '  ergs/sec  (or  4.5  x  10  vatts) 
and  an  absolute  y-nagnitude  of  Hy  *  -30.5*  This  total  luminosity  is  of  the 
order  of  1011  times  the  luminosity  of  the  sun.  However,  should  such  tempera¬ 
ture  be  attained  by  so  large  an  object,  the  visual  luminosity  would  also  be 
great.  An  object  as  that  described  above  would  have  about  10~^  of  its  total 
luminosity  in  the  visible  region,  and  at  a  distance  of  3  kiloparsecs  would 
appear  to  have  an  apparent  visual  magnitude,  a,,  *  +3*  5,  thus  being  a  clearly 
observable  object  with  the  naked  eye.  As  this  is  clearly  not  the  case  we 
must  conclude  that  the  temperatures  of  the  presently  known  dark  globules 
arc  considerably  lower  than  800*K. 

It  is  not  impossible  that  at  some  stage  in  a  possible  contraction 
of  a  large  globule  that  the  total  moss  can  attain  temperatures  of  several 
hundred  degrees  in  the  closing  phases  of  cluster  formation.  At  ouch  times 
the  total  energy  release  from  the  objects  would  rival  the  energy  output  of 
a  supernova  (about  10^ 1  to  10*^  ergs/ sec)  and  would  be  observable  in  the 
infrared  at  a  distance  of  over  10  megaparsecs.  Therefore,  if  such  formations 
do  exist  they  may  be  observable  In  some  of  the  nearby  external  galaxies. 

If  such  large  collections  of  matter  tend  to  cool  more  rapidly 
than  they  can  generate  energy,  or  faster  than  energy  can  be  fed  into  them,  it 
may  be  difficult  to  detect  any  save  the  nearest  examples.  At  temperatures 
around  300#K  or  cooler,  the  8  to  l4  micron  detectors  may  prove  effective. 

In  any  case,  the  large  surface  areas  of  these  relatively  dense 
blobs  make  them  prime  targets  for  observation  with  infrared  detectors. 


CONCLUSION 


It  »y  be  Just  possible  that  the  observation  of  pre-Hertssprung- 
Russel  dlagran  protostars  of  the  Individual  type  night  be  observed  in  nearby 
young  clusters  using  a  telescope  of  larbe  aperture*  The  answer  to  the  question 
of  whether  a  single  cloud  or  blob  could  contract  under  its  own  gravitational 
attraction  if  it  contained  only  a  few  solar  Basses  of  notarial  or  whether  a 
large  congloneration  of  Material  is  necessary  to  produce  a  number  of 
portostars  nay  provide  the  clue  to  whether  any  pre- stellar  stage  can  be 
observed  in  the  infrared.  Indeed,  observations  in  the  longer  wavelengths 
nay  provide  clues  to  the  answer  to  that  question. 
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APPENDIX  IV 


REVISED  IR  STAR  LIST  INCLUDING  STARS 
BBlfadim  PtAN  «  0.0 


MOTE;  Reading  from  left  to  right,  the  columns  of  the  table*  which 
follow  are  to  be  interpreted  as  Indicated  below. 


Coluan 

1st 

2nd,  3rd 
4th 

5th 

6th 


7th 

8th 

9th 

10th 

11th 

12th 


IR  catalog  number  in  order  of  increasing  Right  Ascension 
The  1950  coordinates  of  the  stars 

Spectral  classification  given  in  Mt.  Wilson  Radial  Velocity 
Catalog 

Apparent  visual  magnitude  given  in  Radial  Velocity  Catalog, 
maxims  value  for  variable  stars. 

Calculated  IR  index  for  the  2.0-2.4  micron  region  based  upon 
the  assumption  of  blackbody  radiation  and  temperatures  from 
the  MKK  spectral  classification  system.  Brackets  indicate 
values  based  on  doubtful  temperature  assignments. 

The  apparent  IR  magnitude  in  the  2. 0-2. 4  micron  band  obtained 
by  subtracting  column  6  from  column  5 

Calculated  IR  index  in  the  3. 2-4. 2  micron  band 

The  apparent  IR  magnitude  in  the  3* 2-4.2  micron  band 

Calculated  IR  index  in  the  7.5-13.5  micron  band 

The  apparent  IR  magnitude  in  the  7.5-13.5  micron  band 

The  star  designation  consisting  of  the  Radial  Velocity 
Catalog  number  and  the  corsnon  designation 
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MOTES  OH  SELECTION 


1)  Object*  were  chosen  for  inclusion  on  this  list  whichhav*  calculated 
infrared  apparent  Magnitudes,  a_  (in  the  spectral  region  7«5  to  13.5 
Microns),  brighter  than  0.0.  Tnls  liait  was  chosen  on  the  assumption 
that  it  represents  a  valid  limit  to  the  present  detectability  in  this 
region  using  available  detectors  on  a  60-lnch  telescope'. 

2)  Color  Indices,  Z.  I. ,  were  calculated  as  a  function  of  tesjperature 
(spectral  type)  assuming  blackbody  radiation  energy  distribution,  and 
apparent  visual  Magnitudes  as  listed  in  the  Mount  Wilson  Radial 
Velocity  Catalog. 

3)  The  list  is  considered  complete,  except  for  searching  errors  or  omis¬ 
sions,  for  stars  earlier  than  spectral  type  Mb.  The  search  excluded 
all  stars  fainter  than  visual  magnitude  ay  ■  -*6.0  due  to  the  incom¬ 
pleteness  of  the  Radial  Velocity  Catalog  at  these  fainter  Magnitudes. 

The  Radial  Velocity  Catalog  was  used  because  of  the  greater  reliability 
of  the  spectral  types  given  therein.  Stars  later  than  Mb  have  Z-lndices 
greater  than  +6.0  and  therefore  withhold  a  substantial  statistical 
contribution  from  the  fainter  objects  on  the  list,  but  do  not  affect 
the  objects  brighter  than  -1.5  apparent  z-nagnltude. 

b)  From  the  number  of  objects  omitted  on  the  first  search  which  were  found 
on  a  re-examination  of  the  Radial  Velocity  Catalog,  it  seems  reasonable 
to  conclude  that  there  is  a  deficit  of  about  2%  in  the  total  nuaiber  of 
objects  listed;  l.e.,  there  should  be  expected  within  the  limits  of  the 
survey  b  or  5  more  stars,  not  Included  on  the  present  list,  plus,  of 
course,  any  not  included  in  the  Radial  Velocity  Catalog. 
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